Pre-mRNA splicing in vitro is preceded by complex formation (spliceosome assembly). U2 small nuclear RNA (snRNA) is found in the earliest form of the spliceosome detected by native gel electrophoresis, both in Saccharomyces cerevisiae and in metazoan extracts. To examine the requirements for the formation of this early complex (band III) in yeast extracts, we cleaved the U2 snRNA by oligonucleotide-directed RNase H digestion. U2 snRNA depletion by this means inhibits both splicing and band III formation. Using this depleted extract, we were able to design a chase experiment which shows that a pre-mRNA substrate is committed to the spliceosome assembly pathway in the absence of functional U2 snRNP. Interactions occurring during the commitment step are highly resistant to the addition of an excess of unlabeled substrate and require little or no ATP. Sequence requirements for this commitment step have been analyzed by competition experiments with deletion mutants: both the 5' splice site consensus sequence and the branch point TACTAAC box sequence are necessary. These experiments strongly suggest that the initial assembly process requires a trans-acting factor(s) (RNA and/or proteins) that recognizes and stably binds to the two consensus sequences of the pre-mRNA prior to U2 snRNP binding.
(RNA and/or proteins) that recognizes and stably binds to the two consensus sequences of the pre-mRNA prior to U2 snRNP binding.
Splicing of eucaryotic, intron-containing pre-mRNAs takes place in the nucleus and is performed within a complex called a spliceosome (5, 7, 9) . Multiple specific interactions occur between the substrate pre-mRNA and trans-acting factors, among them the small nuclear ribonucleoprotein particles (snRNPs) (for a review, see reference 18). The general features of spliceosome assembly have been characterized in vitro by several biochemical approaches including velocity gradients (5, 7, 9) , native gel electrophoresis (11, 22) , and affinity chromatography (3, 10, 28) . The earliest complex detected in native gels contains, at least, U2 snRNP and pre-mnRNA. A larger complex then forms which contains, in addition to U2 snRNP, U4/6 and U5 particles. Subsequently U4 leaves the complex and the mature spliceosome is constituted; the cleavage and ligation reactions take place within this spliceosome (6, 11, 23) . Ul snRNP is necessary for efficient splicing, but its presence in the various complexes is controversial (3, 10, 12, 30, 31) . This description applies to both metazoan and yeast spliceosome assembly; the pathway has therefore been conserved over a great evolutionary distance.
In metazoa introns are characterized by two consensus sequences (19) : one located at the 5' splice site (AG/GT PuAGT) and the other located upstream of the 3' splice site ( [Py]"NPYAG/G). In Saccharomyces cerevisiae a similar 5' splice site consensus (G/GTAPyGT) is found. Although the presence of the polypyrimidine stretch is questionable, a very conserved sequence (TACTAAC) defines the branch point position (16, 24) . Base pairing between these premRNA consensus sequences and some small nuclear RNAs (snRNAs) could act as early events in spliceosome formation. Genetic experiments have shown that the 5' splice site sequence base pairs with Ul snRNA (29; B. Seraphin, L. Kretzner, and M. Rosbash, EMBO J., in press) and, in S. cerevisiae, that the TACTAAC box base pairs with U2 snRNA (21) . In addition, a protein factor, U2AF, has been identified as a metazoan polypyrimidine-binding factor that * Corresponding author.
is required for a stable interaction between U2 snRNP and the pre-mRNA (25) . In S. cerevisiae, no step prior to the formation of the U2 snRNA-containing complex (band III) has been defined, yet the involvement of multiple transacting factors is strongly suggested by the presence of the two conserved consensus sequences.
Oligonucleotide-directed RNase H cleavage is a powerful means of depleting a splicing extract of a given RNA. It has been successfully used to demonstrate the involvement of Ul and U2 snRNAs in splicing reactions (2, 4, (13) (14) (15) . We first analyzed the consequences of U2 snRNA depletion by RNase H cleavage on spliceosome assembly; no spliceosome formation was detected in the absence of a fully active U2 snRNP. Such a finding gave us the opportunity to address the question of the commitment of pre-mRNA to the spliceosome pathway in the absence of active U2 snRNP. We designed a two-step protocol which could be used to assay a commitment step: a radiolabeled substrate was incubated in the absence of functional U2 snRNP to allow stable complex formation to occur, and then a large excess of cold substrate and active U2 snRNPs was added and spliceosome assembly was detected by native gel electrophoresis. By using this assay, we indeed define a commitment step for spliceosome assembly that does not require active U2 snRNP. The characteristics of this commitment process are described. Fig. 6 , competitor RNA in various amounts was added simultaneously with the hot substrate. Routinely, the fully active extract was preincubated at 30°C for 20 min as a mock incubation for the U2 snRNA depletion treatment and as a verification that the preincubation alone does not deplete the extract of any crucial factor required for spliceosome formation.
MATERIALS AND METHODS
was analyzed by native gel electrophoresis (Fig. 1B) . Three specific splicing complexes are detected in this assay; the complex with the greatest mobility (III) is the first to form and contains only U2 snRNA (23) . High levels of U2 snRNA-specific oligonucleotide completely inhibited the formation of all three complexes (lanes 4 to 6). No residual amounts of these complexes were detected, suggesting that the small amount of uncleaved U2 snRNA cannot support the formation of spliceosomes. Mock 3 . Analysis of a chase experiment for spliceosome assembly (A) and splicing products (B). Labeled splicing substrate was incubated for 10 min in a U2 snRNA-depleted extract (lanes 1); alternatively, this incubation was followed by a second 10-min incubation after the addition of a fully active extract (lanes 2). For lanes 3, the same incubations as for lanes 2 were performed, but a 100-fold molar excess of cold substrate was added just before the active extract was added (chase experiment). Lanes 4 and 5 show 1 and 10 min, respectively, of incubation of a labeled substrate in an active splicing extract. Lanes 6 are the same as lanes 5, but labeled and cold (100-fold molar excess) substrates were mixed before the incubation in extract. The arrow (panel A) shows bands whose significance is discussed in the text. On the left of panel B are indicated the various RNA species detected in the gel: E, 5' exon; M, mRNA; P, pre-mRNA; L, lariat intron; I, lariat intermediate.
was then assayed by native gel electrophoresis. If the absence of active U2 snRNP prevents the stable binding of substrate to splicing factors, the extensive isotopic dilution of the substrate will preclude the detection of radiolabeled spliceosomes. On the contrary, if stable commitment of the radioactive splicing substrate occurs during the first incubation, the subsequent addition of U2 snRNP will allow detectable spliceosome assembly, even in the presence of an excess of cold substrate.
The results of this experiment are shown in Fig. 3A . A splicing substrate incubated for 10 min in a U2 snRNAdepleted extract did not undergo spliceosome assembly (lane 1). When this incubation was followed by the addition of a fully active extract and a subsequent 5-min incubation, normal spliceosome assembly occurred (lane 2). The addition of an excess of cold substrate just before the second incubation did not modify this profile (lane 3), whereas the addition of a mixture of both labeled and unlabeled RNAs to a standard splicing reaction completely prevented the detection of labeled spliceosomes (lane 6 compared to lane 5). In the experiments performed with U2 snRNA-depleted extracts, a rapidly migrating doublet was detected as described above. These bands did not disappear in the chase experiment (lane 3), indicating that they are not the structures chased into spliceosomes after the addition of fully active extract. We conclude either that the committed substrate is present in an unstable complex under our electrophoresis conditions or that it comigrates with the nonspecific complexes at the bottom of the gel.
The splicing reaction products obtained in the same experiments were also assayed (Fig. 3B) . A comparison between lane 3 and lane 2 shows that splicing products were obtained in the chase experiment. Both for spliceosome formation (Fig. 3A) and for splicing (Fig. 3B) , the two-step reactions (lanes 2 and 3) were less efficient than a one-step reaction (lane 5). This was routinely observed and was independent of the addition of the cold substrate, indicating that some inhibition occurs as a consequence of the incubation in the presence of the U2 snRNA-complementary oligonucleotide. In conclusion, these results indicate that a splicing substrate can be committed to the spliceosome assembly pathway in a U2 snRNA-depleted extract. The subsequent addition of active U2 snRNP allows the completion of spliceosome assembly and splicing.
Characteristics of the commitment step. The initial chase experiments were performed by adding excess cold substrate and the active extract in very close succession. This procedure permits an isotopic dilution of the labeled substrate but does not directly address the question of the stability of the committed, labeled substrate. For that purpose, chase experiments were performed with various lengths of time between the addition of cold substrate and the addition of fully active extract (Fig. 4) . Incubating the committed labeled substrate with a 100-fold excess of cold substrate for 20 min before adding active extract did not significantly decrease the level of radioactive spliceosome (compare lanes 3 and 9). The slight decrease observed was due mainly to general degradation of the pre-mRNA, which occurred after a relatively long incubation in a yeast splicing extract. The result shows that the committed substrate is resistant to the addition of excess unlabeled substrate, suggesting that the factor(s) is tightly bound to the substrate. Furthermore, this experiment indicates that there is a limiting factor(s) in the first incubation step. Otherwise, commitment of the unlabeled substrate would decrease the recovery of spliceosomes (compare lane 2 with lanes 3 to 9). In further experiments, the chase was routinely performed by adding cold substrate 1 min prior to the addition of the fully active extract.
We also examined the ATP requirement of the commitment step (Fig. 5) . Spliceosome assembly requires ATP, since the omission of exogenous ATP leads to a low level of complex formation (Fig. 5A) extract.) The absence of ATP during the commitment step did not affect the time course of spliceosome formation, although the results for the short time points may suggest a slight decrease in the absence of ATP (Fig. SB) . This experiment also shows that substrate commitment is quite slow with this two-step experimental protocol, since the recovery of splicesomes increased between 1 and 15 min of incubation. Changing the length of the second incubation did not modify the recovery of spliceosomes, suggesting strongly that the second step is faster than the first (data not shown). Also, the total recovery of spliceosomes in the chase experiment was lower than that obtained with a simple one-step incubation in an active splicing extract (15-min time points with ATP in Fig. 5B compared with Fig. 5A ; also see Fig. 3A, lanes 3 and. 5 were also unable to inhibit spliceosome assembly of a wild-type substrate (data not shown).
The identification of a commitment step in the absence of active U2 snRNP prompted us to ask whether these stable interactions have the same sequence requirements as those that occur in the complete extract. To this end, competition experiments similar to those described above were performed for the first, commitment step of the two-step reaction. Competitor RNAs and splicing substrates were mixed and incubated in U2 snRNA-depleted extracts; subsequently a chase incubation was performed (the protocol is depicted in Fig. 2 ; results are shown in Fig. 6B and C) . Wild-type RNA was a good competitor (Fig. 6B, lanes 1 to 4) , whereas mutants with deletions in either the 5' splice site consensus (lanes 5 to 8) or the TACTAAC box sequence (Fig. 6C , lanes 1 to 4) were unable to inhibit the commitment of a wild-type substrate (see legend to Fig. 6 ). (Electrophoresis was carried out for longer in the experiment depicted in Fig. 6B than in those in Fig. 6A and C, leading to the apparent difference in migration of the complexes.) These experiments establish the fact that both yeast intron consensus sequences are required (in this in vitro assay) to commit an RNA to the spliceosome pathway. DISCUSSION In S. cerevisiae both the 5' splice site consensus sequence and the TACTAAC box are required for spliceosome assembly and for branchpoint protection (27) . These findings parallel genetic evidence that Ul snRNA base pairs with the 5' splice site sequence (29; Seraphin et al., in press) and that U2 snRNA base pairs with the TACTAAC box (21) . It is therefore tempting to attribute early recognition functions to these base-pairing interactions. Consistent with this interpretation are results presented in Fig. 1 5 to 8]) were mixed with the labeled substrate before the U2 snRNA-depleted extract was added, and a chase experiment was performed (Fig. 2) . The molar ratio of competitor to labeled substrate RNAs was 1 (lanes 1 In other experiments, a molar ratio of 100 did not give rise to a significant inhibition of complex formation (within a factor of 2, which is the experimental error of such an assay). In all panels, the complete gels, from wells to bottom, are shown (w, well; s, spliceosome complexes; u, unspecific complexes). When large competitor RNAs of low specific activity (see Materials and Methods) were added in increasing amounts, new unspecific complexes formed: panel A, lanes 4 to 6; panel B, lanes 5 to 8; panel C, lanes 1 to 4.
which we might detect commitment of the pre-mRNA in the absence of active U2 snRNP. This chase protocol does in fact define a commitment step (Fig. 3) that is resistant to the addition of a large excess of cold RNA and that requires little, if any, ATP (Fig. 4 and 5) . Competition experiments with substrates deleted for either consensus sequence showed that both the 5' splice site sequence and the TAC TAAC box are required to interact in a stable fashion with the factor(s) that commits a substrate to the spliceosome pathway (Fig. 6 ). U2 snRNA base pairing with the TAC TAAC box (at least the interaction that has been previously described) cannot be involved in this recognition process, since U2 snRNA has been cleaved at the key pairing location. Ul snRNA base pairing with the 5' splice site, on the other hand, may be required to form this stable, committed complex. To test this possibility, we have carried out similar chase experiments with Ul snRNA-depleted extracts (cleavage at the 5' end of Ul snRNA). However, Ul snRNA-complementary oligonucleotide must be used at higher concentrations (10 times greater than that needed to inactivate U2 snRNA) to cleave a substantial fraction of the Ul snRNA (data not shown). At these concentrations, there are substantial inhibitory effects on spliceosome assembly when such a Ul snRNA-depleted extract is mixed with a fully active extract. Therefore we cannot use these means to address the question of Ul snRNA involvement in the stable committed complex. We are aware that this assay for commitment to the spliceosome pathway is quite indirect. The many attempts to visualize directly the committed complex, including the use of various splicing substrates and of various native gel electrophoresis parameters, were unsuccessful. Since splicing reactions must be stopped in high-salt concentrations (above 150 mM potassium; P. Legrain, unpublished observations) to be analyzed by native gel electrophoresis, the committed complex might be very sensitive to high salt concentrations.
We are also aware that even in the absence of base pairing with the pre-mRNA, U2 snRNP may play a role in this commitment step through a direct interaction of the snRNP proteins with the pre-mRNA. If so, our data indicate that this interaction is likely to be ATP independent and that the cleaved U2 snRNP exchanges with an intact snRNP during the second incubation, leading to spliceosome formation. Also, the U2 snRNP exchange must not leave the substrate uncommitted; otherwise, it would be diluted by the excess of cold RNA. Given these considerations, we favor the hypothesis that in S. cerevisiae the factors responsible for initial intron recognition and stable complex formation act prior to U2 snRNP binding. The inability to titrate a factor which might bind independently to one of the two consensus sequences (Fig. 6 ) suggests either that there is only one key factor with two binding sites or that two or more factors act cooperatively.
At a minimum, the commitment assay described in this report should constitute a unique tool for the identification and purification of important and novel factors for in vitro spliceosome assembly. Further biochemical characterization of the commitment step, as well as the evaluation of its VOL. 8, 1988 11 relevance to in vivo spliceosome assembly, is now under way.
